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A BSTRACT 



I he morpholog)’ and anatonu r)l hraeteolcs were suru’xvd in Anhirant hiis laxa iii nrek'r nuletcr- 
minc their ta.xonoinie signituanee and role. Three tvpes o\ hrac te(des \\ere distingui^^heLl spniose. lo 
I iaeeous and membranous. I he hi <iete(')les retain theC. siriieiure(d t he lea\’es, but the\' di( ler I rom ihe 

f 

4 

latter b\- the presenee ol wel I LleveK’>ped >elereneh\ ina aiKl i he areh-^haped Kranz bundle-sheai h Pro 
teeti(>n and photos)nthesis are the two lunelionscd bi\u leoles inlerred I rom their si met ure. leased e>n 



ih eir strueture, loliaeec'^us and membr.uK^us braeleoles are (onsielered SN inplesiomorphie , w hile spi- 
nose braeteoles are interpreted a.s synap(^morphiL. I he spine.s present at the base ol each leal in 
spi/in.sMS I.. are metain('>rph(’).sed braeleoles The sh(a■ll'u^s^ ol braele(')les in the grain amaranths i,‘\ 

I cnuLil us L., A. n'iien / (i.s L. and A. h\'pi)i IuuilI riui I .. j was lound i o be a re I i able eliaraeiei' w h ieh sepa 
rates i hem I rom their \vi Id relat i vest /\. hvhriLlus I ..and A.pinvNIil A. Watson j. The striiei ure l^isieieoles 
ma\ be signilicant tor reeognii ion ol lava in onl\' a tew c ases; .\. h\ hriJus L. and A. powclli i s. Wats . -\. 

subsp. /■'nu'e/Zn and sul^sp. I)()iu lufuii iThell ) Costea c\r C arretero and A. hlilum I ag; 



RbSLMI-N 

Id nu^rlologia \’ anatomia de las braeteolas ele 20 ta\a de A nuirci nl hus tueron e.vaminadas para 
detenu inar su signit ieado t a. wad an leo \' su I uneion. Se dilereiH'iarcai t res t ij'^os de bi-aete(^las- espi nosas. 
Icdiaeeas )■ membranosas. Las bi'aeteolas retienen la esi niei ura ( , de las hojas. pero dit ieren de estas 
ul i i mas por la preseneia de un eselerenqui ma bien desarnd lado \' en la lorma aixjueada de la \'ai na de 
os haeesde tipo Kranz. Laschas luneKaiesde las braeteolas s<ai la |'>roteeeidn \' la t(aosiniesis segun 
se deduee de su est met ura. basaiuhaios en su esi met ur.i. las brae lecdas lol iaceas v mem branosas son 

y 

eimsideradas como sim [desionn>rl leas m ieni ras epie las brae leol as espi nosas son i nterpretadas eomo 
si napmnend ieas. I, as espinas presemies en la I'iase de ezuta hoja de .A. spinosus L. son br.ieitadas 
metamortoseadas. La eortedad de* las brae tee^las en los amarantos e ultiwidos ceamo pseudoeereales 
(. A. I c / iu/cUh s' I... A. e mem n.s L. \ .\. In p(h lu)fhl ricu ml . d ue erne oni rad<i e oim^ un earaeter cjue L\s separa 
de sLis parientes siK'esires i/\. Inhi ulus L. \ A. pinu'llli s. Wat son j La est met ura de las braeiee>las 
puede ser signilicati va parael reeonoc imiemtode lava soloen algunose asos: .A. hvhriilus L. \' Aqhnvrilii 
A. Wats.; A.powcilii subsp. piuvrllii y subsp. hourluwii Hel I.) ( .ostea ( arrelero y A. hlilum agg. 



INTROnUcLIIC^N 



1 he genus Amurtnif/jius is a group ol extreinelx’ high ecL'iiiomical \’alue. Some 
species are growm as \'egetables and pseudoeereals irex iewed b\' Brenner ct al. 



2 eXW. wdiile othei'sare among r he most imiToi rant weeds of the world (Holm ct 



'<■ orresponcling autlioi. 
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;il. /Xclditionally, some species are widespread ornamentals and they have 

a potential as forage crops and as a source ol red lood colorants (Cai ct al. 

The taxonomieal treatment ot some species has [Trox’en to he problematic (e.g. 
C'.ostea et al. 2001; Xu Xr Sun 2001), and it is proposed that characters ol 
hracteoles may bring forward additional data uselul lor theclassil ication ol the 
species within this genus. Bracts are modilied leax'cs without an a.xillary bud, 
associated with the inflorescence or with individual 1 lowers (McC.usker 1000). 
Bracteoles arc secondary bracts borne singly (usually in monocotyledons) or 
in pairsc')n the pedicel, the calyx or the perianth ol a I lower(McCusker 1000). In 
/\/m/rc/n//m.s, bracteoles should not be mistaken with the tepals. The later arc 
the units of perianth, which is not dit lerentiated in a calyx and a corolla 
(McCusker 1000). As Brenan (1061) wroteO'the size and sha 
in the ini lorcscence, and particularly their Icn 
subtend, are of great importance in distinguishing several species ol 
A out non /lies.'' In the difficult A. hyhricliis aggregate, the morphology ol 
bracteoles has been used to differentiate grain amaranths (Anwrcint luis 
Kiiuliilits. A. crucntiis and A. hyiHU'hoihl ricicus) from their wild relatives (A. 
hyhrUlus subsp, (jiiitcnsis, A. hyhridus subsp. hyhridiis and A. powcllii subsp. 
piiwcllii) (reviewed by Costea et al. 2001). The length ol bracteoles has also tra- 

,'eific x’ariabilit)' of some species such 





'c to the I lowers they 




,mus 




as A. ivl rof Icxiis (e.g., Thellung 1014). We have 
bracteoles in A/m/rc/ndiies in order to determine their taxonomic significance. 

AMkiru/it/m.sspp. areCa plantsand, therelore,exhibit the characteristic Kranz 
anatomy in the leaves(best described in A. yciwllcxu^ by lascher &r bvert 1082) 
and cotyledons (Wang et al. 1003). No anatomical study of bracteoles has been 
published in A/)u/;'u/U/iii.x,and it vx'ould be interesting to com pare theiranatomy 
with that of the leaves, fnirthermorc. the structure may indicate their function 

J 

and could prox'ide new relevant data regarding the exolution ot the genus. 

Anidiiint h us spiuosus is the only species ol the genus that exhibits two 

spines at the base of each leal , and Thellung (101 4) 
are actual 1\’ metamorphosed bracteoles. Testing this hy pothesis was another 
objective ol this study. 




M.-VriiRI.AI S ANA MFTI R'M')S 

Morphology ol lemale bracteedes was examined both on herbarium and Iresh 
material. Only the braeteolessubtending the 1 lowersduring I ructil ication were 
taken into consideration. The lollowing herbaria collections were surveyed lor 
the nineciualitativecharacteristies(see below): BIT BR BPl, BR1T,CAS,CI.A,CM, 
DAO. DAY. DS, DUKE, El.AS, I lAM, I, IBE, ISC, I.A, Lib, MICH. MIL, MIN, MO. 
MSC, MT, NA,OAC,OI<L, RRH.QLA, RB, RSA, SMU. SOM, TEX, UCR, UMO, US, 
LITER VAB, VDB, VE and WIS. /Xdditionallv, bracteoles were collected I rom the 

j‘ 

wild flora (mainly from Romania and Spain) and Irom cultivated accessions 
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provided by the USDA and Gatersleben germ plasm collections (Table 1). Voucher 
specimens are preserved in the BUAG herbarium collection, except For the USDA 
accessions, which are preserved in the US collection. For the anatomical study, 
twenty bractcoles were collected from each plant, and 15-20 different plants 
for each species were examined. Bracteolcs were fixed in formalin-acetic acid- 
alcohol (5:5:90) (FAA) and embedded in paralfin. Transverse sections were made 
at 5-7 mm in thickness and stained with Toluidine Blue. The structure ol the 
bracteolcs varies along with their length. The most complete region is usually 
at the base (0.2-0. 4 mm) of bracteolcs, and characters retcr to this region. Draw- 
ings were prepared with a Reichart camera lucida. 

List of hractcole characters examined (Sec the results section for additional ex- 
planations.): 

a) qualitative characters of bracteoles (Table 2) 

1. Bract cole type: 

s, spinose; 

t, loliaccoLLs; 

m, membranous: 

2. Branching ot mid-vein: 

branched; 
un branched; 

3. Pattern ol mesophyll development along the bracteoles mid-vein: 

-F, unilorm, mesophyll more or less uniformly distributed along the mid-vein; 

-, not unilorm, mesophyll is more developed in certain regions, usually at the middle or above 
the middle; 

4. Color of the mid-vein (examined on dry inateriaO: 

g, green (usually dark-green); 

y, yellow to yellowish-brown or reddish; 

5. Shape ol the median part of bracteoles (vascular tissue 4- sclerenchyma 4- mesophyll) as seen in 
cross-sections (examined only for spinose bracteoles): 



• ■ 



cir, semicircular; 
el, semi-elliptic; 
de. deltoid; 
tri, trilobate; 

6. Spatial pattern ol Kranz bundle sheath arrangement (only lor bracteoles w'ith branched mid-veins); 
sep, Kranz sheath separately surrounds each branch ol the mid-vein; 

tog, Kranz sheath encloses all the branches together; 

7. Shape of “Kranz cells” as seen in cross-section: 
ro. rounded or square; 

pa, palisade like; 

8. Bundle sheath: 

C04-, bundle sheath in contact with the lower epidermis at least in some j^oints; 

CO-, additional layers of mesophyll are present between the bundle sheath and the lower epidermis; 

9. Mesophyll cells (when present); 
pa. palisade- like; 

spo. spongy parenchyma- like; 
tan. tangent iall\' elongated; 
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\M I 



lovcMcin^ t' of Amdiandni^ idXvi (AniaraiUhiiceae) t\x.irnm(M I tof cmalomy of [mcK U'oles (iu'f 



ar)v^ .K ( essions fiom (laU'islobtai). 



Taxa 



Voucher no. or accession Provenance 



Subgenus Acnida (L.) Aellen ex K.R. Robertson 

A.pdimi'n S. Wa(s. 

Subgenus Amaranthus (= section Amaranthus) 

A. ( l/ 0 ( /( / fos L. 



(a^l) 



b^OSOla j) 



K 



s) 



Allies .-’ 02(1 
'■'I 1 ( 1 ( 11)4 



PI -I 



0 




Rofnania 



Ro I na n I ai 

Glm f iKinv'' 

/ 

Ni'p.il 



fK lia 
R(Mu 



A. ( iiid!)ids 



(a-i) 



r 






■4 







Pi SI Kno 



R( )inania 
Arizona, i JSA 



ndia 



Gu.itcMoala 



A. hypOi hi )n(lii( u iis 



) ') 



A./)()iV '(’///7 S.VVats suhsp. /^oii (’ 




A.pow-i'llii sul)sf ). /H>(u'/ 7 on// t ONlea 0 ^' C auftaero 



A 




\ hytuiilid, 



A.hyhiiJus suhsp (/(///o/is/s ( ll ioll.) C osU'a <^ ( ancMero 



A. s/)//k;s(/s L. 
A. rctrollidii^ L 




(k s) 



PI S 1 1 



I 



■) ) 



• » 



A) (a-|) 

(k s) 



AA )A 1 (a |) 
(k s) 



Roinariia 
G CM I na ny 
Mc'xico 
Romania 



c. 



i|)aif'i 



■vomania 



)aif I 



2 .-VA>l (a -|) 


IG)inania 


Ik S) 


S()ain 


22840 (a |) 


Romania 


(k s) 


Gor many 


.- 2 ) 8(10 (a-|) 


(km 1 1 lanv 


21822 (a - 1 ) 


Romania 





(k s) 


S[ )ain 


Subgenus Albersia (Kunth) Gren. & Godr. (= 


Section Blitopsis Dumort.) 




A. dt[)us 1 


2 1800 (a i) 


G)inania 




(. k S .1 


S()ain 




An u ‘S 1 3/8('( 


c <ina(ia 


A. hlilum 1 . MLibsp. I^tilum 


23040 (a ,) 


iy.)mania 




b- s ) 


P(.M many* 


A.bliuim subsp. ()/( V(U (1 .) ( oslio 


2 3()M(a s) 


Oiormany^ 




PI ( )( )( ) 1 


BaiK ilaOesh 


A. (.7iM/(///k/r(is Mo( j.(,;x UliiK.' A Biay 


2.'^0)( ) (a )) 


Romania 


A hlitiim subsp.cnun'dindUr^ (Mo(|.<.‘x i.ilino A 


• ■ f a \0 ( k s ) 


'>pain 


( Simzit MO, Munoz r lai mniu lia A Poe iiol 


A nit 2 3 38 


Rfazi 




Anu's lOOhO 


India 


A. viu(lt\ 1 . 


2 0)01 (a )) 


R< Miiania 




(k-s) 


Spain 
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1 



. contifuierl 



Taxa 


Voucher no. or accession 


Provenance 


A.l)li(oides 5. Wats. 


2304.S (a-j) 


Rornunia 




(k -s) 


S[)ain 




PI SS3 059 


Canada 




PI 608 663 


.JSA 


A.crispus (Lesp. &Thcv.) N.Terraciano 


????5 (a-j) 


Romania 


A.deflexus L. 


2.T328 (a-j) 


Romani<) 




(k- S) 


S I lain 






10. ScIcrcncln'iiiLi (only lor bractcolcs wiih hi'anchcLl mid-winsj: 
com. compact, enclosing all the \'asciilar i i.ssue; 

(rag. Iragmentecl. separately accom|')an\'ing each vein; 

11. Base ol llie wimes containiiw: 

m+s. with mes(')ph\'ll -t- sclerenchyma; 
m. onl\- wit h mesoph\il: 
s. onl\' with sclerench vma; 

^ y 

neither mesc^plu'll nor sclerenchyma is present: 
h j e|Liantitat i w charac ters ol bractcolcs (Table 

1. Length ( mm j; 

2. Maximum width at the base (mm): 

Length (d the s[nnose apex— onl\' lorspino.se bractcolcs i urn ): 

4. Angle between wings and the median part: 

4. Thicknessat the base uneasured on cross-sections) (pm ). 

(.^. Thickness id the col lateral bundie i'>r ol the main collateral bundle in t he case ol branched mic 
\'cins (pm ); 

7. Thicknessol mesophyl I (pm); 

8. Thicknessol bund le sheath cel Is (pm J: 

Ratio: bracteoles length perianth length. 



RliSULTS 




In all the species examined, each I lower is subtended by two bracteoles Csome- 
times only one, or up to tour) which are more or less modified com 
eaves. The bracteoles in Amc/rcni(/i(i,scan be classified as follows; 

a) Spi nose hraclcolcs (Fig. 1, A-F; Fig. 3A).— Are rigid and have a s|iiny tip. 
They have a median part that includes the mid-\'ein surrounded b\’ scleren 



chyma and mesoph\-ll, and two mcinbranous lateral pans that we shall name 
“w'ings,” due to ol their membranous appearance. The sclercnch\'ma is more 
developed thaii the mesophyll, conferring the hard and rigid appearance of 
bracteoles. As seen in cross-sections, the median |xirt can be semicircular (Fig. 
IC, F) semi-el liptic (Fig. ID), deltoid (Fig. IB, F) or even trilobed (Fig. 2 A ) (Table 
2). The wings are not arranged in the same plane with the median part. They 
lorm a characteristic angle w'ith the median part, which is maintained e\'en in 
cross-sections (Table 3). Representative species; Amcinini Inis powcllii iFig. I F.j. 
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2. Dji.i fnaifix (of i]Uc2itative c liafactefb in sonm species of the cjenus Aniiniunhus 
(Af]iaianMia(eae).See"mateiial and metliods'doi tlie numl)eied cliaracteis; fia not 




Taxa/Character 



1 



2 3 



4 




A. ( nae/ni/s 




(/s 




SllllSf), 



pom’ 






7 Slll)S[). 

i)OLi( honit 

A.hyhfKhi'^ sul)S|). 

hybriilii^ 

A.hylniilus snhsfi 
(/o/fn/a./s 

/V S/)/MOSOS 

4 . iclrolli'Mi^ 

A. (Abus 

A.IAilum sulasp. 
bltlum 

A.IAilun) suhsp. 



oirnu ('US 



s 



s 



s 

s 



s 



s 



s 



s 

s 

s 

(/m 



t 



A.IAiUim sul)sp. 


nd 


umuKiinulus 




A. viriclis 


I/m 


A. blitoicli'^^ l)litoi(l('s 


( 


A. ( (ispLlS 


idi 


A.(l(^fle\iu 


m 



-I- 



+ 

4 



■f 



a 



a- 









a- 



a- 






t) 

y 

y 

y 



V 



P 



P 



\' 

V 

/ 

<1 



P 



p 

i.i 



I 



5 


6 


7 


8 




9 


10 


11 


de 


top 


Ida 


Id a 


S[dO 


com 


s, m-f s 


cii 


na 


10 


(' 0 


bf.)0 


na 


idd 


el 


na 


ro 


CO 


t 


f )0 


Id a 


Idd f s 


cii 


na 


pa 


C 0 




)<) 


Id a 


Idd 


Clf 


na 


pa 


co- 


1 


)j 


id(^ 


Idd 


de 


na 


ro/[)a 


C (d 1 


spo 


na 


Idd 1 s 


de 


na 


ro 


CO 


Ian 


no 


Idd 1 s 


de 


na 


ro 


c c.) - 


1 a 1 1 


no 


Idd a- s 


dif 


1 0 c ] 


Id a 


1 1 a 


s 


no 


com 


5, Idd a s 


ctr/dt 2 


na 


ro/pa 


c o a 


S[)0 


Id a 


S, Idd T s 


de/Ui 


Ida 


ro 


co- 


[)a 


na 


Idd 


na 


Ida 


ro 


co 


s 


no 


na 


Id a 


na 


sep 


10 


co- 


SfdO 


se[) 


na 


na 


Ida 


ro 


( o + 


Id a 


S|)0 


na 


na 


na 


na 


ro 


(() 


s 


pc) 


na 


na 


na 


sep/too 


ro/|)a 


( o 


) 


po 


com 


Id a 


na 


na 


ro 


CO f 


na 


S| )() 


na 


na 


1 1 a 


Id a 


ro 


(. O 1 


na s|dO 


Id a 


na 



b) h'oliticcoiis hrciclcolcs(.l-i^. 2C-ia.— Resemble more a small leal , and the\' 
do not exhibit an obviousdiHeientiation between the median and lateral parts. 
The mesophvil is more de\'doped than the selerenehyma, and as a result, the 
braeteoles are mostly green. The wungs are narrow. Representative speeies: A. 

hlitoidcs (I'ig. 2h-r). 

e) Mcni hi'd ihuis hiiu'lcolt's U'ig. 2Bj. “Resemble tbe loliaeeous braeteoles, 
but the mesophyll is poorly developed, restrieted along the mid-veins, and is 
ol ten reduced to the one-layered bundle-sheath. Selerenehyma is also scarcely 
developed. The rest ol the braeteole is thin, and membranous (as in the wings 
itI thespinose braeteoles). Repiesentative speeies: A. t ri.s/ai,';. Transitional lorms 
between the loliaeeous and the membranous types oeeur in sex’eral speeies (A. 
hliliwi SLibsp. hlilmn and A. viriilis). 

The structure of bi'acteoles is sim|ile: the\’ have a dorsi\entral structure, and 
they are eompo.scd ol epidermis, mesophyH, \aiseular tissue and ,selereneh\’ma. 
The mai'ginal-meristem activity is intense; its cells prolileraie as monolayers 
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Fig. 1. Structure oUp\r\osebracteo\es, H, Amaranthus retroflexus, B,A.hybridus(\nd.ssp.quitensis)S*A.hypochondriacus, 
D.A. cruentus, l.A.powellii ssp. powellii; F. A.powellii ssp. boucbonii. bs-kranz bundle-sheath, ep-epidermis, m-meso- 
phyll, s-sclerenchyma, v-vascular tissue (collateral bundle), w-wing. Scale bar = 20 |.im. 
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Fig. 2. Structure of bracteoles. A. spinose in Amaranthus albus, B. membranous in A. blitum ssp. emarginatus, C-F folia- 
ceous in: C. 71 . blitum ssp. blitum, D. A. blitum ssp. oleraceus, E-F. A. blitoides, E. sectioned at the middle, F. sectioned at 
the base, bs-kranz bundle-sheath, ep-epidermis, m-mesophyll, st-stomata, s-sclerenchyma, v-vascular tissue (collat- 
eral bundle), w-wing. Scale bar = 20 urn. 
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Fig. 3. Structure of spines \r\Amaranthusspinosus.k. early stage, bracteole-like, B. mature spine, bs-kranz bundle-sheath, 
ep-epidermis, m-mesophyll, par-parenchyma, s-sclerenchyma, v-vascular tissue (collateral bundle), w-wing. Scale bar 
= 20|im. 



.-rLt 3. Data matrix for the quantitative cha 
characters. 


racteristics of bracteoles in 


some Am 0 ^ 0 n 


Taxa/Character 


1 


2 


3 


4 


A.palmeri 


5.5 ± 1 


1.4 ± 0.1 


2.5 ± 0.5 


135 ± 5 


-.caudJius 


3.25 ± 1.75 


0.47 ±0.1 


0.67 - 0.1 


137.5 ± 2.5 


A. cfuenius 


2.25 ± 0.25 


0.95 ± 0.1 


0.65 ± 0.5 


135 ± 5 


A. hypochondriacus 


3.5 ± 0.5 


1 .2 ± 0. 25 


1 ±0.15 


135 ± 5 


A.powellii subsp. powellii 


6.5 ± 1.5 


2.4 ± 0.25 


2.5 ± 0.5 


132.5 ± 7.5 


A. poweHii subsp. ooucnonii 


4.25 ± 0.75 


1.15 ± 0.25 


1.2 r 0.3 


127.5 r 7.5 


A. hybridus subsp. hybridus 


3.75 ±1.15 


1.15 ± 0.25 


1 ±0.2 


95.5 ± 5 


A.hybridus subsp. quitensis 


3.75 ±0.75 


1.10 ± 0.23 


0.67 ± 0.5 


95 ± 5 


spinor us 


3.6 ± 0.9 


1.25 ± 0.25 


1.02 - 0,27 


105 + 15 


A. retfoflexus 


5.25 r 1.25 


1.3 ±0.5 


2.17±0.17 


135 + 5 


A. olbus 


4.2 ± 1.8 


1.12±0.22 


1 ± 0.2 


165 ± 5 


A. bhturi. subsp. bliiurr 


1.03 ± 0.25 


0.75 r 0.15 


— 


- 


A.blitum subsp. oleroceus 


1,25 ± 0.35 


0.8 r 0.1 


— 


- 


A. blitum subsp. emarginolus 


0.5 ± 0.1 


0.45 ± 0.5 


- 


— 


vindis 


0.62 ± 0.7 


0.5 ±0.1 


— 


- 


A. bliioides 


2.15 ± 0.15 


1.65 + 0.34 


— 


- 


A. Cfispus 


1 ± 0.1 


0.45 ± 5 


— 


— 


A. deftexus 


1.15 ± 0.5 


0.8 ± 0.1 


— 


— 



\0 

oo 



bus taxa h^ma 


ranthaceae). Se- 


e material a 


nd miethods for 


numbered 


5 


6 


7 


8 


9 


320 ± 20 


300 + 25 


22.5 ± 2.5 


22.5 ± 2.5 


1. 3-2.1 


215 ± 30 
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76.5 ± 4 
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32 ± 2 
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25 * 2.5 
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0.6-0.9 
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74 ± 12.8 


^6^5 


32.’ ± 2.4 


0.8-0.95 


42.5 ± 12.5 


30.5 ± 1 1 
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9 + 1.1 
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52.5 ± 7.5 


32.5 ± 2.5 


17.5 r 17,5 


12.5 = 2.5 


0.73-0.95 
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and give rise to the wings. Venation is j^oor, but the vascular tissue is accompa- 
nied by well-developed sclerenchyma. Particularly the lower epidermis may 
have anomocytic stomata, with three to si.\ neighboring cells surrounding the 
guard cells. Sparse, multicellular, uniseriatc trichomes may occur in all species, 
especially toward the base of the bracteoles. The vascular tissue consists of a 
single colateral bundle surrounded bv sclerenchyma and a bundle sheath. In 




someol the species examined— A.. spin()su,s, A.palmcri,A. hlitoidcsund A. hlitum 

the mid-vein branches (Fig. 2D-F; Table 2). In all species, the 
bundle sheath exhibits the “Kranz syndrome” characteristic of the leaves. The 
lundamental dillerence is that the bundle-sheath is incomplete, with the cells 
arranged in an arc around the sclerenchyma. The bundle sheath cel Is are tightly 
packed together, they have thicker walls, and their chloroplasts are larger than 
those ol the mesophyl I cells. In the species with bracteoles possessing a branched 
mid-vein, the “Kranz” bundle sheatb can separately follow each branch (A. 
hlitum subsp . olcrcicf us. Fig. 2D), or it can e 
palmeri and A.spinosus, Fig. 3 A). In A. hlitoiclc^ both situations may be encoun- 

z bundle-sheath may be continuous at the 
base ol the bracteoles (Fig. 2E) and Iragmented above their middle (Fig. 2F). 
The mesophyll is homogenous and distributed only along the abaxial face. Its 
cells, arranged in up to four layers, can be palisade-like (Fig. 1C, F; Fig. 2AJ, 
spongy parenchyma-like (e.g. Fig. ID) or, tangentially elongated (e.g. Fig. IB) 





(Table 2). The mesophyll can be unilormly distributed along the mid-vein, or 
the mesophyll may develop preponderantly along certain regions of the 
bracteoles (usually in the middle and above). In the first case, the mid-vein 
morphologically appears “constant," gradually decreasing along its course to- 
wards the apex. In the second case, the mid-vein appears enlarged above the 
middle of the bracteoles. The sclerenchyma in spinose bracts is strongly devel- 
oped, compact, cngLilling the mid-vein and, when present, its secondary 
branches (e.g. in A. spinosus and A. palmcri). In loliaceous and membranous 
bracts with branched veins, sclerenchyma can be compact or fragmented, sepa- 
rately accompanying each branch (Fig. 2D) (Table 2). The wings have several 



layers ol cells at their base and thev are one- 

> / 




in the rest. The base of the 



wings may exhibit only mesophyll cells, only sclerenchyma, mesophyll and 
sclerenchyma cells or none one ol these (Fig.l : Table 2 ). The monoku er ol wings 
has thickened cell walls and mav contain calcium oxalate cr\ stals. 



Origin of spines in Amaranth us spi This study supports Thcll ring’s 
(1914) hypothesis. The two spines present at the base ol each leal are the meta- 
morphosed bracteoles ol the lirst 1 lower within the first dichazial cyme, whose 
development is suppressed. No 1 loral rudiments were observed in the vicinity 
ol the developing spines which indicates that the suppression is achieved very 



early in the ontogeny. In an incipient stage 




nt, spines are similar 



to bracteoles (Fig. 1 A). However, in bracteoles, the development ol sclerenchyma 
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is rapid ly completed. The growth ol spines involves primarily cell e.xpansion. 
Sclerosis is delayed until the parenchyma cells enlarge up to live times com- 

arenchyma cel Is c')! the hracteoles. Only then is the development 
of sclerenchyma completed (Fig. 3B). The marginal meristems make at most a 
limited contribution to the development ol the spines, and consecjuently the 
wings are reduced or entirely absent (Fig. 3A, B). Mesophyll is present at least 
towards the base ol spines and the vascular supply is similar to that ol the 
bracteoles (Fig. 3B). Annirunthus spiiwsiis has a form— I. iiurmis Lautersbaeh 
and Schumann— that has no spines, or with spines that are bracteoledike, sub- 
tending the lirst dichazial cyme ol each leal. We believe this lorm can be re- 
garded as the ancestral type, from which the spiny plants derived. We observed 
a similar tendenc)' of bracteoles' translormation in some individuals ol A. 
inuvi’llii. 1 lowever, the degree ol sclerenchyma development never attains the 
levels obser\’ed in A. spi nosu:<. and the process is not ticcom 
opmental suppression ctI the lirst cyme. 




mscussioN 



liixonotuic sisiuificaucc of hrt/t'lco/c.s'.- Taking into account the toliarorigin o 



bracteoles, their phylogeny can be speculated upon. The primitive condition in 
A/ik/rci/W /) ii.N is represented by the loliaceousand membraniuis bracte(')les, while 
the spinose bracteoles can be considered a synapcunorplu'. C onsee|uentl\', the 
most primitive Aimii'diil Iws species are those classilied in the subgenus 
Alhcrslii, w’hile those Irom the subuenus Aniaiunt bus are more e\'ol\’ed. I his 



hypothesis is also supported by the evolution ol other chai'acteristics such as 
the dehiscence-indehiscence ol Iruits (Ci^stea et al. in press) and the vascular 

system (Costea (sr DeMason 20()U. 

/ 

Ba.sed on the populationsand accessions useckcaily a lew ol the ta.xonomi- 
cally dil I icult speeies with spino.seand loliaeeous bracteoles could be separated 
using anatomical eharacteristics. Furthennore, such characteristics are e\’en 
lesssignil icant in the speeies with membraneous braeteoles.due to theirextreme 
reduction. The anatomic clillerences between grain amaranths and their wild 
relatives are minute (Table 2, 3; Fig. 1), and it is po.ssible that these clillerences 
will be loLincl to be even less signil leant when more accessions are examined, 
rhere are nc> dil lerences between A. /iv/u’/c/n.s subsp by hi itl us und A. byhi'icliis 
SLibsp. ijuitensis which are considered dillerent speeies b\’ some authors (e.g. 
Xu&r Sun 2(')(M). In the A. Iiv/u idn.s agg„ Townsend (Id88)and Stace(lbd7)eon- 
sicler the names A. powcUti and A. bvhridus as taxonomic synonx ins. Fven i 
other morpheokygical characters can easilx' dil ierentiate these taxa, the distinc- 
tiveness of their braeteole anatetmy supports their separate rcccognition 
n-F; Table 2, 3). .Anothei- taxonomic controversy exists between A. pcurcllii and 
A. houebonii (reviewed b\' (fostea et al. 2()('*1). The morphologic and anatomic 
differences between their bracteoles support the recognition ol A. bcnu'bonii as 
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an infraspecific taxon of A.powcllii (Costcaet al. 2001) (Fig. I F-F; Table 2, 3). In 
Amaranthus hlitum agg., the three subspecies— subsp. hlitunu subsp. olcraccus 
and subsp. cmurginu tics* are dissimilar with respect to anatomy of the bracteoles: 



1. Mid-vein of (foliaceous) bracteoles branched 
1. Mid-vein of bracteoles unbranched. 



A. blitum subsp. oleraceus (Fig. 2D) 



2. Bracteoles foliaceous (rarely membranous). Cells of the Kranz bundle sheath are 
separated by the cells of the lower epidermis F)y a I -2 layered mesophyll 



A. blitum 



subsp. blitum (Fig. 2C 



2. Bracteoles membranous. Cells of the Kranz butidle sheath are in contact with 
the cells of the lower epidermis (mesophyll is absent) 



A. blitum 

subsp. emarginatus (Fig. 213) 



The length ol bracteoles and the ratio between bracteole and tcpal lengths have 
been used in the past toclassily the intraspccilic variability ol some Amaranthus 
species (e.g.Thellung 1914; Brcnan 1961). For exam pie, the individuals with short 
bracteoles (equaling the 1 lower perianth) were designated as var. dclilci (Rich. 
& Lor.) Thell. in A. retwflexus. Such lorms are not encountered at the popula- 
tion level, presumably because the short bracteole type is selected against. Based 



on our current knowledge, such plants cannot even be considered ecophenes, 
because the shortness ol bracteoles can hardly be associated with any ecologi- 
cal advantage. In contrast, the morphology of the bracteoles is one of the few 
characters that differentiate the grain amaranths (especially Aniara lU has 
caudatus and A. cruentus) Irom their wild relatives A. hyhridus (inch A, 
quitensis) and A. powcllii. Thus, the spinose bracteoles of grain amaranths arc 
shorter and thinner compared to those in their wild relatives. This may seem a 
contradiction with the previous conclusion, but in this particular case the mor- 
phology ol the bracteoles is iiuportant. Domestication ol grain amaranths goes 
back in time more than 7000 years (Sauer 1993), and this character— even i 
quantitative— is probably genetically lixed. The shorter and softer-spined 
bracteoles were selected lor under domestication because thev lacilitate bar- 






vesting. The survey of many herbarium specimens revealed that cultivated grain 
amaranths consistently have short bracteoles. Only some specimens of A. 
hypochondriacus may exhibit long bracteoles (comparable with those of A. 
powellii), similarly as in A. ret roflexus some individuals may have short 
bracteoles. The distinctiveness of grain amaranths is also supported by mor- 
phological (Costea et al. 2001), anatomical (Costea & DeMason 2001), cytologi- 
cal (reviewed by Greizerstein et al. 1997j and molecular data (Xu & Sun 2001). 

Bracteoles versus foliap^e leaves in Amaranthus. — In many plants (e.g., 
Chrysospleniiim spp.. Euphorbia spp., Melampyrum spp., Cc*)stea unpublished) 
a continuous morphological and structural transition occurs between foliage 
leaves and bracts on the same plant. In amaranths, such a transition does not 
exist. Bracteoles in amaranths are sharply differentiated from the leaves. Several 
tissues of bracteoles show a reductive tendency. Bracteoles have fewer stomata. 
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their mcsophyll and vascular tissue are less developed, and the Kranz bundle 
siteath is incomplete. In addition to this developmental abbreviation, lorma- 
tion of new structures w’ithout a counterpart in leaves occurs. /\n e.xample is 
the selerenchyma that isabsent in A/iiuru/il lin.s leaves (e.g. risher(Si Evert 1982; 
Viana 1993; Esparza-Sandoval et al. 1999). but is an important tissue in the 
bractcoles. Marginal-meristem activity is intense, giving rise to the one-layered 
membrancTLis wings, which are also absent Irom the leaves. 

Based on their structure. Amciranl hus spp. leaves belong to a variant ol the 
\triplieoi 

bv Deneler & Nelson 1999). Elowever, in the bractcoles. the organization ol the 
Kranz cells in ares is entirely dil lerent from this t\ pe. and it calls to mind other 
C 4 leaf sti'Lictures described in Chniopocliciccac such as the koehioid and solsoid 
types (reviewed by Dengler & Nelson 1999; Jacobs et al. 2001). Since braeteole 
are ontogenetieally abbreviated leaves, one cannot rcirain Irom 
the old idea that “ontogeny reca 
that Aiiuiranthus shares close morphological, structural (Costea & DeMason 

2001 ) and molecular al l inities with Chenopodiaeeae (reviewed by Cuenoud et a 

2002 ) and these new data provide additional evidence in this 
tiinrl ionsoj hrctcleole.s i/i iin}ctniiuhs—T\vo lunctions can be inlerred I rom 

the structure of bracteoles in A/)u/rd)i( It u.s': photosynthesis and protection. Bracts 
(in general) are metamorphosed leaves. /Mthough the degree ol nuxlilication 
varies in dil lerent genera and lam i lies, the other I unctions ol the bracts are sub- 
seciucntly c 



s 





(See Gould 1977). It is a fact 





osynthesis. When present, bracts 
may pai tieipate in the development ol I lowers, Iruits and seeds. Eor e.xample, 
the contribution of bracts to the achene maturation in Cdr/diiii.sspp. (I lori <Sr 
Tsugc 1 99 3) or to thedex'clopment ol buds in Cossvpiuni spp. (Zhao & Oosterhui 
1999) was lound to be significant. Studies made on Go^svpiiim spp. showed that 
the removal of bracts reduced the cotton-boll size and the number ol seeds per 



s 



boll (e.g. Bangui et al. I98S; Ahmed 1994). Similai 




a lower seed \'ield 



were reported after removing the phyllaries Irom the antcxlia ol Curl Ininwus 
I inctorius and Hcliuntluisunniiiis (e.g. Dhopte <Sr ball 1981; I layashi Gr 1 lanada 

. In Amurunthus, due to the huge numbei’ of flowei's that develop in the 




inl lor 











ol 




hould not be underesti 




mated. A single plant ol At)]((r(//i(/in.s ivlrojlcxiis cun produce approximately 1 
000 OtX'i seedsd lani 1983). Assumin 
inf lorcseenee is at least e 



ers in the 
wc 2 Lild mean 



there are at least 2 million braeteoles in one inl lorcseenee. Therclore, photo 




synthesis in braeteoles may sit 




■ contribute to the development ol the 



enormous number ol small seeds and e('mscc[uently to the ecological success ol 
amaranths, espeeiall)' as weeds. I lowex’cr, this hx pothesis needs to be \'erilied 
and the contribution ol braeteoles to total photosynthesis to be established. 



In many plants, protection is the most common 1 unction ac 




acts. 
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which is pertormed in a mulritude ol ways, against a multitude of factors. Pro- 
tection can be limited to the ini lorescence and flowers, or it can also be ex- 
tended to the developing fruits as well. In Heliconia the liquid produced in the 
bracts contributes to the protection against herbivores (Wooton & Sun 1990). 
Association with ants as a result of extrafloral nectaries developed on bracts 
provides a delense mechanism against a wide variety ol predators (e.g. Scott 
1981; McLain 1983). In Rheum nohile, an alpine plant, bracts absorb UV radia- 
tion and keep the reproductive organs warm (Omori et al. 2000). Mechanical 
protection ol both 1 lowers and fruits against herbivores is obvious for the spi- 
nose bracteoles in Amaranthus. There seems to be a correlation between the 
presence ol spinose bracteoles and the dehiscence of fruits: species with dehis- 
cent fruits have spinose bracteoles, while species with indehiscent fruits have 
membranous or foliaceous bracteoles (although a few exceptions exist). One of 
these exceptions is A.poweUii subsp. houchonii that has indehiscent fruits and 
spinose bracteoles. Yet, this taxon has shorter and thinner bracts compared to 
A. powelli i subsp. powcllii, its closest relative with circumscissile fruits (Costea 
et al. 2001). Furthermore, in monoecious and some dioecious species (e.g. A. 
pahneri) the bracteoles of the female flowers are more developed than the 
bracteoles ol the male (lowers. The abortive female flowers of hybrids are sub- 
tended by longer (than normally) bracteoles (Brenner, unpublished). 

In conclusion, based on the populations and accessions examined, 
bracteolesare important for the species delimitation in A. hybridinsagg. and for 
the separation ol subspecies in A. hlitum. The anatomical study of bracteoles, 
along with other characters (the vascular system and the structure of fruits) 
indicates that subgenus Alhersia has a basal phylogeny within Amaranlhus, 
while the species ol the subgenus Amuranthus are derived. Protection and pho- 
tosynthesis are the main functions deduced from the structure of the bracteoles. 



ACKNOWLEDGMENTS 



We owe thanks to David Brenner, to an anonymous reviewer and to Melissa 
Wheeler who reviewed earlier versions of the manuscript providing valuable 
comments and suggestions. 



REFERENCES 

Ahmed, F.M. 1 994. Effect of bracts removal on the productivity of cotton plant. Assiut J.Agric. 
Sci. 25:55-61. 

Bangal, D.B.,V.A. Paiii ,and V.R. Kale. 1985. Importance of bracts in cotton boll development 
and Kapas yield. Curr. Res. Rep. 1 :209-210. 

Brenan, J.P.M. ]96] .Amoranthus in Britain. Watsonia 4:261-280. 

Brenner, D.M., D.D. Bai iensperger, P.A. Kui akow, J.W. Lehmann, R.L. Mvfrs, M.M. Slabberf and B.B. 
Sleugh. 2000. Genetic resources and breeding of Amaronthus. PI. Breed. Rev. 19: 
227-285. 



984 



BRIT.ORG/SIDA 20{3) 



C-\i,Y„M.Sun,and H.CoiiH. 1 998.Colorant properties and stability of /tmc/ranf/Tus betacyan 

pigments. .1. Agric. hood. Cltem. 46: 449 1 -4495. 

C O', II A, M„ A. Sani'ih',, and G. Wainis. 2001. Preliminary results toward a revision of the 
Amaranihus hybrkius species complex [AmomtUhaceae). Sida 1 9:93 1 -934. 

Co'.iiA, M. and D.A. Di Mason. 2001. Stem morphology and anatomy in Amaranihus L. 

Amaranihaceac) taxonomic significance, .I.Torrey Bot.Soc. 128:254-281. 

Co',ii A,M.,G.,G.WA.Ni',,and A.Sani 'i k';.. 2003. Structure of the [.Tericarp in some Amaranihus 
L.(AmaraiTthaceae) species and its taxonomic significance. Aliso 20(2), in press. 

Cm Mi lui >, P., V. Savi h aini n., L.V. CiiAir-iou, M.P.RJ. G ka'> I K, and fvl.VV. CirA'>i , 2002. Molecular 
phylogenetics of Caryophyllales based on nuclear 1 8S iDNA and plastid rbcL.aipB, and 
malK f.)NA sequences. Amer, J. Bot, 89: 1 32-144. 

IbiMu tR, N.G.andT. Nm'.on. 1999. Leaf structure and development in C.i plants. In: R.F. Sage 
and R.K. Monson, eds. C.| plant biology. Academic Press, San Diego, London, Boston, 



New York, Sydney, Tokyo,Toronto. Pp.l 



33-172. 



Diiurii, A.M.and S.B. 1 ail 1981. Effect of removal of bracts on seed yield of capitulum in 
relation to its chlorophyll content and dry matter in nine varieties of safflower. Punjabrao 
Krishl Vidyapeetfi Res. J. 5:6- 1 0. 

",i’AK,"A-SarTdoval, S., G. Ale.iani mi -Iturrhi! , and Y. Hi kri i-iA-ARKii ia. 1 996, Foliar anatomy and 
morphology of seeds in some Mexican species of Amaranihus. Phytologia 81:273- 
281. 

I'.t III R, D.G. and R.F. F.vi i-a. 1 982. Studies on the leaf of Amaranihus rciroflexus L.: rnorphol 
ogy and anatomy. Amei'.J. Bot. 69:1 33- 1 147, 

G( )iii 1 >, S.J. 1 977. Ontogeny and pfrylogeny, Cambridge University Press. 

Grii.'irmiim, E.,C.A.NARAriiu,and L.Pixsuii). 1997. Karyological studies in live wild species of 
Amctranf/i.s.Cytologia 62:1 15-120, 

Hayashi, I Land K, Hanada. 1 986. Contribution of leaves and bracts to the seed yield and 



a. I.Crop Sci. 55:60-67. 





yield components in 
1 Iani , M. 1 983. The aiable 
Kingdom Limited, Suffolk. 

Hoi m, G.L., J. Doll, E. I f >i ra, J. Hi rkihulr, and J. Pani mo. 1 997. World weeds. Natural histories 




HoRi,Y.and FI. Tsuui . 1 993. 

Carpinus laxiflora. Ecological Res. 8:81 -83. 
l.Ai ( )H',, S.W.l . 200 1 . Review 
Torrey Bot.Soc. 128:236-253 

M'. Cl ISM i-s 




maturity in 




lire in the Chenopodiaceae. J. 




alia, 2nd ed.,vol. I and Flora of the 



World I’roject. Australian Biological Resoirrces Study. 




WWW. 




M. Lain, D.K. 1 983. /\nts, extrafloral nectaries and herbivory oii the passion vine, Pass/f/ora 
incarnaia. Amer. Midi. Naturalist 1 1 0:433-439. 

OivH)Ri,Y.f l. Tai'Avama and H.Ouha. 2000. Selective light transmittance of translucent bracts 




COSTEA AND TARDIF, TAXONOMIC SIGNIFICANCE OF BRACTEOLES IN AMARANTHUS 



985 



in the Himalayan giant glasshouse plant Rheum nobile Hook.f. and Thomson 
(Polygonaceae). Bot. J. Linn. Soc. 1 32:1 9-27. 

Saufr, J.D. 1 993. Historical geography of crop plants. A select roster, C-R.C. Press. Pp. 9-14. 

Scott, J.K. 1 981 . Extrafloral nectaries in Alyogyne hakeifolia (Malvaceae) and their associa- 
tion with ants.W. Austr. Nat. 15:13-16. 

StacpC.A. \ 997 .Amaronthus L. in New Flora of British Isles, 2-nd ed., Cambridge. Pp. 150- 
155. 

Thellung, a. 1914. Amaronthus L. In: P. Ascherson and P. Graebner, eds. Synopsis der 
Mitteleuropaischen Flora 5:225-356. 

Townsend, C.C. 1 988. Amaronthus L. In: E. Launert, ed. Flora Zambesiaca, Vol. 9, part I, Lon- 
don. Pp. 45-60. 

ViANA, V. 1993. Contribuiscao ao estudo anatomico do eixo vegetativo de Amaronthus 
viridis L. Arch. Jar. Bot. Rio de Janeiro 31 :1 5-70. 

Wang, J.-L., J.J. Long,T. Hotc hkiss, and J.O. Bi rry. 1 993. photosynthetic gene expression in 
light- and dark-grown amaranth cotyledons. PI. Physiol. 102:1085-1093. 

WoorroN,J.T.and I.F.Sun. 1 990. Bract liquid as a herbivore defense mechanism for Heliconia 
wagneriano inflorescences. Biotropica. 22:1 55-1 59. 

Xu, Rand Sun, M. 2001. Comparative analysis of phylogenetic relationships of grain ama- 
ranths and their wild relatives (Amciran//u;s;Amaranthaceae) using internal transcribed 
spacer, amplified fragment length polymorphism, and double-primer fkiorescent 
intersimple sequence repeat markers. Mol. PhyI.Evol. 21:372-387. 

Zhao, D.L. and D.M. Oosterhi )is. 1 999. Photosynthetic capacity and carbon contribution of 
leaves and bracts to developing floral buds in cotton. Photosynthetica 36:279-290. 



